Gravitropism and, to a lesser extent, phototropism have been characterized in primary roots, but little is known about structural/functional aspects of these tropisms in lateral roots. Therefore, in this study, we report on tropistic responses in lateral roots of Arabidopsis thaliana. Lateral roots initially are plagiogravitropic, but when they reach a length of approximately 10 mm, these roots grow downward and exhibit positive orthogravitropism. Light and electron microscopic studies demonstrate a correlation between positive gravitropism and development of columella cells with large, sedimented amyloplasts in wild-type plants. Lateral roots display negative phototropism in response to white and blue light and positive phototropism in response to red light. As is the case with primary roots, the photoresponse is weak relative to the graviresponse, but phototropism is readily apparent in starchless mutant plants, which are impaired in gravitropism. To our knowledge, this is the first report of phototropism of lateral roots in any plant species.
Introduction
Lateral roots expand the extent of the root system so as to increase the surface area for absorption and improve the ability for anchorage Forde 2000, Beeckman et al. 2001) . Several studies have reported on the initiation and the early stages of development of lateral roots in Arabidopsis (Laskowski et al. 1995 , Malamy and Benfey 1997 , Dubrovsky et al. 2000 . Laskowski et al. (1995) demonstrated that establishment of the lateral root meristem occurs first by primordia formation followed by meristem organization within the primordia. In a later report, Malamy and Benfey (1997) focused on how the cells of the pericycle of the primary root proliferate and redifferentiate to form a new lateral root, and these authors divided the processes of lateral root formation into eight stages. Recently, Dubrovsky et al. (2000) also characterized the role of pericycle cell proliferation in lateral root development. In addition, several genes are known to be required for lateral root development in Arabidopsis (Celenza et al. 1995 ; reviewed in Dubrovsky et al. 2000) . However, to date, little is known about the latter stages of, and the role of environmental factors in, the development of Arabidopsis lateral roots.
Two cues that are crucial in determining the final growth form of a plant are gravity and light (Fukaki and Tasaka 1999, Vitha et al. 2000) , and, in primary roots, the effects of both of these factors have been characterized (Hangarter 1997 , Hasenstein 1999 . For instance, gravitopism, the directed growth in response to gravity, has been extensively studied in primary roots (reviewed in Sack 1991 , Ishikawa and Evans 1997 , Kiss 2000 compared to the relatively few reports on lateral roots (e.g. Hao and Ichii 1999) . In fact, while the response is positively orthogravitropic (i.e. oriented along the gravity vector) in primary roots, lateral roots in some species appear to be unresponsive to gravity (Ransom and Moore 1983) while in other species (Rufelt 1962 , Yamashita et al. 1997 , there is a plagiogravitropic response (i.e. an oblique orientation relative to the gravity vector).
Phototropism in primary roots has received increased attention in several studies, which report a relatively weak negative photoresponse (Okada and Shimura 1992 , Sakai et al. 2000 , Vitha et al. 2000 . Recently, we have shown that in addition to the blue-light-dependent negative phototropic response in primary roots, Arabidopsis roots also display a red-lightdependent positive phototropic response . However, to date, as far as we are aware, there have been no studies of phototropism in the lateral root system. Thus, the focus of the present study is to characterize the latter stages of lateral root development and to determine the effects of gravity and light on the growth of lateral roots. We report here that, in addition to the positive gravitropism in lateral roots of Arabidopsis, these roots also exhibit both negative and positive phototropism, depending on light quality.
Results

Classification of lateral root development
Malamy and Benfey (1997) characterized the early phases of lateral root initiation and formation in Arabidopsis and designated these as stages I-VII. In contrast, in the present study, we propose nomenclature to describe the latter stages and use the terms type 1-6 to describe the more advanced phases of lateral root development ( Fig. 1, 2) . Thus, our earliest lateral roots (type 1) correspond to the latest stage (VII) described by Malamy and Benfey (1997) .
Type 1 roots are the newly emerging lateral roots that arise at an angle perpendicular to axis of the primary roots, and these newly emerging roots are microscopic ( Fig. 2A, B) . In contrast, type 2 roots, which are visible to the unaided eye, have a mean angle of 26° (Fig. 1, 2C , 3). Type 3 roots continue the increase in length and angle (mean of 37°) that occurs in lateral root development (Fig. 1, 2D, 3 ). Type 4 roots exhibit a significant change in that, in addition to the continuing increase in length and angle (mean of 60°), the apex has a marked curvature relative to the basal portion of the lateral root ( Fig. 1, 3 ). The key feature of type 5 roots is that the apex (mean angle of 86°) approaches the vertical (Fig. 1, 3) . Finally, type 6 roots grow straight downward (i.e. positively orthogravitropic) and have an appearance similar to the main primary roots (Fig. 1, 3 ).
Development of columella cells in lateral roots
Columella cells of the root cap were the focus of our anatomical studies since these cells are hypothesized to function in gravitropism (Blancaflor et al. 1998 , Kiss 2000 . Thus, root caps of lateral roots of wild-type (WT) seedlings were examined with light ( Fig. 4 ) and electron microscopy (Fig. 5) .
Early type 1 WT roots that have not emerged through the epidermis of the primary root do not have distinct and differentiated columella cells (Fig. 4A, 5A ). However, the differentiation of the columella begins in type 2 roots, but these cells are almost isodiametric (Fig. 4B ). Columella cells of type 2 roots contain amyloplasts with a few starch grains (Fig. 5B) . Two rows (= stories) of elongating columella cells with relatively large amyloplasts are found in type 3 roots (Fig. 4C, 5C ). The Fig. 1 Two seedlings of WT Arabidopsis thaliana with type 2-6 lateral roots. Type 1 roots, which represent the earliest stage of development, are not visible since they are microscopic (see Fig. 2 ). The distance between the grid lines is 13 mm. amyloplasts in these cells contain a greater number of larger starch grains (Fig. 5C ). In type 4 roots, the columella also consists of two rows, and these cells continue to become elongated and contain larger amyloplasts that appear to have an increasingly polar distribution (i.e. toward the distal cell wall; Fig. 4D, 5D ). Columella cells of type 4 roots have many of the structural features of the columella in mature primary roots: amyloplasts with large starch grains, a proximal nucleus, a peripheral network of endoplasmic reticulum, and a large vacuole (Fig. 5D ). In type 5 roots, the root cap has two rows of columella cells with amyloplasts that appear sedimented toward the distal wall (Fig. 4E, 5E ). Finally, in type 6 roots ( Fig. 4F,  5F ), the root cap of lateral roots is indistinguishable from the cap in fully developed primary roots of Arabidopsis Kiss 1989, Kiss et al. 1996) . Thus, these type 6 roots have a columella region that consists of two to three rows of cells, and the columella cells exhibit extensive amyloplast sedimentation in rows 2 and 3 (Fig. 4F ). In addition, these amyloplasts are distended with very large starch granules (Fig. 5F ).
Columella cells in lateral roots of the pgm mutant also were examined with light microscopy (Fig. 6 ). Similar to the plastid position pattern in primary roots of this mutant (MacCleery and Kiss 1999), starchless plastids were not sedimented in columella cells of the lateral roots of pgm, even in type 5 (Fig. 6A ) and type 6 (Fig. 6B ) roots, which exhibited positive orthogravitropism.
Gravitropism and phototropism in lateral roots
The gravitropic and phototropic responses of lateral roots of Arabidopsis seedlings were examined by growing the seedlings in vertically-oriented Petri dishes with white light illumination from either above or below (Fig. 7 ). These results ( Fig.  7 ) and those reported above ( Fig. 2) illustrate that as the lateral roots elongate, they become more positively gravitropic. The trend toward positive gravitropism as lateral roots elongated was similar for both the WT and the starchless pgm mutant, except that the response in the latter was more variable (Fig. 7) . The results of the orientation studies are consistent with the lateral roots exhibiting a negative phototropic response such that root growth occurs away from white light (Fig. 7) . A negative phototropic response was observed in lateral roots of the WT as indicated by the fact that roots of seedlings that received illumination from below were less oriented compared to the vertical (90°) than were roots of seedlings that had been illuminated from above ( Fig. 7) . In terms of statistical significance, the difference in orientation of pgm roots illuminated from below was significantly different (P <0.05) from the orientation of roots illuminated from above for all categories, except for the 7 mm category (P >0.05) of lateral roots. In contrast, for lateral roots of the WT, the differences were not statistically significant (P >0.05), except for the 2 and 3 mm categories (P <0.05). Thus, as we have reported for primary roots , this negative response in lateral roots is more pronounced in the starchless pgm mutant, which has a weakened graviresponse (Kiss et al. 1996) .
In order to confirm lateral root phototropism and to examine phototropism in combination with gravitropism, we conducted a time-course analysis of lateral root curvature after reorientation from vertical to horizontal and simultaneously exposed to light from above or below (Fig. 8) . Since gravitropism and phototropism act as the sum of these two tropisms Shimura 1992, Ruppel et al. 2001 ), a negative phototropic response would promote gravitropic curvature when illumination is from above and reduce gravitropic curvature when illumination is from below, and a positive phototropic response would have the opposite effect. Thus, in this assay, the phototropic response of roots of light-grown seedlings was not detectable in WT roots (Fig. 8) , presumably because of the strong graviresponse in WT roots. In the starchless pgm mutant, which has an overall weaker graviresponse (Kiss et al. 1996) , blue light from above increased downward curvature while blue light from below decreased downward curvature (Fig. 8) . These effects of light treatment during time course studies are consistent with an additive effect of a negative phototropic response imposed on a weak gravitropic response. Results from this set of experiments also confirm that lateral roots of the pgm mutant have a reduced and delayed gravitropism (whether light is from above or below) relative to lateral roots of the WT. It would have been interesting to study phototropism and gravitropism of lateral roots in dark-grown seedlings, but the lateral root system does not become well developed under dark conditions. 
Effects of light quality on lateral root phototropism
Since it was recently demonstrated that primary roots exhibit a red-light-induced positive phototropism in addition to blue-light-induced negative phototropism , we also examined the effects of light quality on lateral root phototropism by performing orientation experiments (Fig. 9) . There was little effect of blue light on orientation of lateral roots of WT seedlings, except for roots in the 2 mm category, which showed a blue-light-induced negative phototropic response (Fig.  9A) . However, negative phototropism in response to blue light was readily apparent in lateral roots of the pgm mutant (Fig.   9B ). In contrast, a slight positive phototropism in response to red light was observed in WT lateral roots (Fig. 9C) while a more robust red-light-induced positive phototropism was found in lateral roots of pgm seedlings (Fig. 9D) .
Discussion
Phototropism in lateral roots
This study shows that lateral roots of A. thaliana exhibit phototropism as well as gravitropism. Similar to the response in primary roots Shimura 1992, Kiss et al. 2001 , Ruppel et al. 2001) , phototropism in lateral roots is relatively weak compared to the gravitropic response. Thus, while lateral roots will continue to become positively orthogravitropic as they lengthen, light can affect their orientation and growth (Fig. 7-9) . Furthermore, phototropic responses are more readily observed in lateral roots of plants that are impaired in gravitropism (i.e. Fig. 8) , as is the case with starchless mutant strains (Kiss 2000) . In addition, our observations of the effects of light quality on phototropism in primary roots ) can now also be extended to lateral roots. Thus, lateral roots of Arabidopsis exhibit negative phototropism in response to white and blue light, and positive phototropism in response to red light.
Based on our recent studies (e.g. Ruppel et al. 2001) , we can hypothesize that phototropism plays a more important role in orientating lateral roots compared to primary roots. The results of the present study support this hypothesis since the difference (in the starchless mutant) in orientation in white light is up to sixfold for lateral roots (Fig. 7 , this paper) compared to approximately twofold for primary roots (see Fig. 5 in Ruppel et al. 2001 ). Thus, phototropism may be more impor- tant in the development of the lateral root system compared to its role in primary roots.
Gravitropism in lateral roots
Like many species, in Arabidopsis, lateral roots appear to have an endogenous program for gravitropism during the course of their development (Rufelt 1962) . This type of positive gravitropism in Arabidopsis lateral roots has been observed by others (e.g. Oparka et al. 1995) , but in this paper, we have quantified this correlation between increases in length and positive gravitropism. However, other species can exhibit a range of gravitropic behavior in their lateral roots from being agravitropic (Ransom and Moore 1983) to exhibiting plagiogravitropism (Rufelt 1962 , Yamashita et al. 1997 .
The results in this paper also show a striking correlation between positive gravitropism and development of columella cells with large sedimented amyloplasts. While this correlation has been well established for primary roots (Sack 1991 , Blancaflor et al. 1998 , Kiss 2000 , there have been few studies with lateral roots. In one such study, Ransom and Moore (1983) found that there were sedimented amyloplasts in the columella cells of lateral roots of Phaseolus vulgaris (bean), but the lateral roots in this species were not responsive to gravity. This group also reported that columella cells in the weakly graviresponsive lateral roots of Ricinus communis (castor bean) and Helianthus annuus (sunflower) contain sedimented amyloplasts Pasieniuk 1984, Stoker and . In addition, they reported that there were no significant differences in distributions of organelles in columella cells of primary vs. lateral roots, even though the former are much more graviresponsive compared to the latter.
In contrast to the above papers by the Moore group and similar to our results with Arabidopsis lateral roots, a recent study (Yamashita et al. 1997 ) suggested a direct relationship between amyloplast sedimentation and response to gravity in lateral roots. Yamashita et al. (1997) reported that lateral roots of Camellia sinenesis (tea), which lack sedimented amyloplasts in the columella cells, are not positively gravitropic. In contrast, seminal roots of Camellia, which have extensive amyloplast sedimentation in the columella, do exhibit a vigorous positive gravitropism. Thus, the correlation between amyloplast sedimentation in columella cells of lateral roots may be a species-specific or a development-specific association. However, the presence of sedimented amyloplasts may not be the only requirement for positive gravitropism in lateral roots. For example, there may be differences in auxin metabolism that regulate the nature of the tropistic response as is the case in primary roots (Salisbury 1993 , Zhang and Hasenstein 1999 , Casimiro et al. 2001 .
Lateral roots of the starchless mutant are capable of gravitropism (albeit, somewhat reduced; e.g. Fig. 8 ) without significant plastid sedimentation (Fig. 6) . Thus, while amyloplasts and a full complement of starch are necessary for full gravisensing, starch is not required for gravitropism (MacCleery and Kiss 1999) . Although it is possible that even starchless plastids have sufficient mass to function in graviperception, an alternate hypothesis is that plants have multiple types of gravisensing mechanisms (Barlow 1995 , Sack 1997 , Kiss 2000 . According to this latter view, since gravity is a sustained and pervasive presence for life on earth, a "multiplicity of systems" for gravity perception is likely to have arisen throughout evolutionary history (Barlow 1995) . Therefore, in addition to plastid-based gravisensing in the root cap, other types of sensing remain to be discovered and characterized. 
Conclusions
We have demonstrated that the development of columella cells with sedimented amyloplasts is correlated to positive gravitropism in lateral roots of WT Arabidopsis. These lateral roots also exhibit a positive gravitropic response as they increase in length and a relatively weak negative phototropic response in white light. Similar to the light quality effects in primary roots, blue light induces negative phototropism while red light induces positive phototropism in lateral roots.
Materials and Methods
Plant material
Wild-type A. thaliana and a starchless mutant line (ACG 21), both from the Wassilewskija (Ws) strain, were used in these experiments. This mutant is deficient in phosphoglucomutase (pgm) and lacks starch in all tissues (Kiss et al. 1996 , Kiss et al. 1997 . Seeds were stored at 4°C prior to use in these studies.
Culture conditions
Seeds were surface sterilized in 30% (v/v) commercial bleach and 0.002% (v/v) Triton X-100 for 20 min. After four to five rinses in sterile distilled water, seeds were sown onto a growth medium (described by Kiss et al. 1996) with 1% (w/v) sucrose in 1.2% (w/v) agar in square (100´15 mm) Petri dishes. Petri dishes were sealed with Parafilm and placed on edge in a rack so that the surface of the agar was vertical. Seedlings were used in experiments when they were approximately 8-9 cm in length, which was typically 10-12 d after the seeds were sown and incubated at 20 to 22°C under continuous white light from directly above or below the plants. mission maximum of 490 nm, and the fluence rate through the red filter (Rohm and Haas No. 2423) was 12-14 mmol m -2 s -1 with a transmission maximum of 630 nm. Transmission maxima of the filters were determined with a Li-Cor LI-1800 spectroradiometer. In these light quality experiments, seedlings were first grown in white light for 9-10 d to stimulate lateral root production. Then, seedlings were provided red or blue illumination from either above or below for an additional 2-3 d prior to measurement of orientation of their lateral roots as described below.
Light and electron microscopy
Vertically oriented seedlings (which received illumination from above) were fixed "in situ" by immersing the Petri dish in 2% (v/v) glutaraldehyde, 50 mM sodium cacodylate buffer (pH 7.2), and 5 mM CaCl 2 at 22°C for 2 h. After fixation, seedlings were rinsed several times in buffer and were postfixed in buffered 2% (w/v) osmium tetroxide for 2 h. The specimens were then rinsed in buffer, dehydrated through an acetone series, and infiltrated into Spurr's resin ("firm" recipe).
Lateral roots were flat embedded by pouring fresh resin (with specimens) onto silicone-coated glass microscope slides, and the resin was polymerized at 70°C. Roots (now preserved in a thin layer of resin) were observed and selected by using a light microscope.
Selected lateral roots were excised with a scalpel, and then the specimens were studied by electron or light microscopy.
For electron microscopy, the excised roots in Spurr's resin were attached to an empty resin block by using epoxy cement. Silver-togold median longitudinal sections were cut using a Reichert S ultramicrotome, collected onto formvar-coated copper grids, and stained with uranyl acetate and lead citrate. Sections were observed and photographed at 60-80 kV in a JEOL 100S transmission electron microscope.
For light microscopy, longitudinal and cross sections (1 mm thick) were taken using the ultramicrotome and stained with 1% (w/v) toluidine blue in 0.1% (w/v) sodium carbonate. The sections (and, in some cases, entire lateral roots in resin) were examined and photographed with brightfield optics by using an Olympus BH-2 compound microscope with Kodak Technical Pan film (No. 2415) at ISO 50.
Measurement of growth, orientation, and curvature
In these experiments, seedlings were photographed with a 35 mm camera equipped with a macro lens using Kodak Technical Pan film at ISO 50. Images were digitally captured from the film with the program Photoshop (version 4.0; Adobe, San Jose, CA, U.S.A.) on a PC computer, and measurements of angles and growth were made with the image analysis program Image-Pro Plus (version 3.0; Media Cybernet- Fig. 9 Orientation of lateral roots of seedlings in response to blue or red light. Seedlings initially were grown in white light from above for 9-10 d (in order for the development of the lateral root system) followed by continuous blue or red illumination from either above or below the dish for 2-3 d. (A) WT in blue light does not exhibit a phototropic effect, except for roots in the 2 mm category, which showed a negative phototropic response. (B) The pgm mutant in blue light exhibits negative phototropism. (C) WT in red light exhibits a slight positive phototropic response. (D) The pgm mutant in red light shows a positive phototropism. Seedlings were grown in vertically held Petri dishes. The category of 1 mm includes roots with a length of 0.01-1.00 mm, the category of 2 mm includes roots with a length of 1.01-2.00 mm, etc. The gravity vector (down) is 90°w hile 0° represents the horizontal. N = 20 to 44, and bars indicate SE.
ics, Silver Spring, MD, U.S.A.). The length of lateral roots and the angle of the lateral root apex from the horizontal were determined. The gravity vector (down) was defined as 90°, and 0° was defined as the horizontal. In orientation experiments, with seedlings illuminated with light from above or below, lateral root angles were measured also relative to the horizontal. In time-course experiments, vertically grown seedlings were reoriented 90°, and then illuminated with blue light from above or below throughout the experiment. Root curvature was defined as the change in angle from the starting point. Lateral roots were excluded from measurement if they contacted neighboring plants. Each experiment was repeated at least three times, and values are reported as the mean ± standard error (SE). Statistical significance (P <0.05) was determined by using a t-test or a Mann-Whitney Rank Sum test where t-test criteria (i.e. normality of the data) were not met. The program Sigma Stat (version 2.03; SPSS Inc., Chicago, IL, U.S.A.) was used on a PC platform.
